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Simvastatin Induces Regression of Cardiac Hypertrophy and 
Fibrosis and Improves Cardiac Function in a Transgenic 
Rabbit Model of Human Hypertrophic Cardiomyopathy 

Rajnikant Patel, MD; Sherif F. Nagueh, MD; Natalie Tsybouleva, MD; Maha Abdeilatif, MD, PhD; 
Silvia Lutucuta, MD; Helen A. Kopelen, RDCS; Miguel A. Quinones, MD; William A. Zoghbi, MD; 
Mark L, Entman, MD; Robert Roberts, MD; AJ. Marian, MD 

Background — Hypertrophic cardiomyopathy is a genetic disease characterized by cardiac hypertrophy, myocyte disarray, 
interstitial fibrosis, and left ventricular (LV) dysfunction. We have proposed that hypertrophy and fibrosis, the major 
determinants of mortality and morbidity, are potentially reversible. We tested this hypothesis in j3-myosin heavy 
chain-Q' 10 -' transgenic rabbits. 

Methods and Results — We randomized 24 /3-myosin heavy chain-Q 4C3 rabbits to treatment with either a placebo or 
simvastatin (5 mg • kg -1 • d" 1 ) for 12 weeks and included 12 nontransgenic controls. We performed 2D and Doppler 
echocardiography and tissue Doppler imaging before and after treatment. Demographic data were similar among the 
groups. Baseline mean LV mass and interventricular septal thickness in nontransgenic, placebo, and simvastatin groups 
were 3.9±0.7, 6.2±2.0, and 7.5+2.1 g (P<0.001) and 2.2+0.2, 3.1 ±0.5, and 3.3±0.5 mm (P =0.002), respectively. 
Simvastatin reduced LV mass by 37%, interventricular septal thickness by 21%, and posterior wall thickness by 13%. 
Doppler indices of LV filling pressure were improved. Collagen volume fraction was reduced by 44% (P<0.001). 
Disarray was unchanged. Levels of activated extracellular signal-regulated kinase (ERK) 1/2 were increased in the 
placebo group and were less than normal in the simvastatin group. Levels of activated and total p38, Jun N-terminal 
kinase, p70S6 kinase, Ras, Rac, and RlioA and the membrane association of Ras, RhoA, and Racl were unchanged. 

Conclusions — Simvastatin induced the regression of hypertrophy and fibrosis, improved cardiac function, and reduced 
ERK 1/2 activity in the j3-myosin heavy chain-Q 4H rabbits. These findings highlight the need for clinical trials to 
determine the effects of simvastatin on cardiac hypertrophy, fibrosis, and dysfunction in humans with hypertrophic 
cardiomyopathy and heart failure. (Circulation. 2001;104:317-324.) 
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Cardiovascular disease is the single most common cause 
of death in the Western world. 1 Heart failure, the 
predominant long-term outcome of all forms of cardiovascu- 
lar disease, accounts for ^450 000 deaths per year in the 
United States alone. 1 Cardiac hypertrophy and interstitial 
fibrosis, the common responses of the heart to all forms of 
injury, are the major determinants of morbidity and mortality 
from cardiovascular disease, 2 ' 3 

Familial hypertrophic cardiomyopathy (HCM), a genetic 
model of cardiac hypertrophy and fibrosis, 4 is the most 
common cause of sudden cardiac death in the young and a 
major cause of heart failure in elderly. 5 Hypertrophy and 
fibrosis, as in acquired cardiovascular disease, are also the 
primary determinants of mortality and morbidity in HCM 6 ' 7 
The molecular genetic basis of HCM has been elucidated, and 



>100 mutations in 9 genes encoding sarcomeric proteins 
have been identified. 4 Experimental studies' 1 in conjunction 
with studies in humans s have provided significant insight into 
the pathogenesis of HCM and have led us and others to 
propose that the primary abnormality in HCM is impaired 
myocardial mechanical function, 9 Accordingly, increased 
myocyte stress, which is imparled by the mutant contractile 
proteins, activates "stress-responsive" intracellular signaling 
molecules in a manner similar to pressure- overload, thus 
provoking the transcriptional machinery to induce hypertro- 
phy and fibrosis. Thus, hypertrophy and fibrosis in HCM are 
"secondary phenotypes" and are potentially reversible. 

We generated a transgenic rabbit model for HCM by the 
cardiac-restricted expression of j3-myosin heavy chain 
(MyHC>glutamine 403 (Q 403 ), which is known to cause 
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TABLE 1. Baseline Characteristics and Cardiac Phenotypes In the p-MyHC-Q 4 
Transgenic Rabbits 





Nontransgenie 


j3-MyHC- 
Q ra 


P 


n 


12 


24 




Baseline characteristics 








Sex, male/female 


9/3 


17/7 


079 


Age, mo 


27.6±2.7 


30.0 ±7 


0.13 


Body weight, kg 


3.7 ±0.5 


3.9±0.4 


0.13 


Heart rate, bprn 


145±14 


143+15 


0.83 


Systolic blood pressure, mm Hg 


74±8 


73±7 


0.84 


Phenotype of cardiac hypertrophy and function 








LV mass, g 


3.9±07 


6.8±2.1 


0.001 


IVST, mm 


2.2 + 0.2 


3.2 + 0,5 


0,001 


PWT, mm 


2,3±0 + 3 


3.0+0.6 


0.001 


LA size, mm 


7.1 ±0.6 


8.8+2.0 


0.010 


LVEDD, mm 


14,4±1 + 4 


S4.7+1.3 


0.64 


FS 


0.37±0J 


0.29 ±0.3 


0.003 


Mitral inflow E velocity, cm/s 


47±6 


54 + 8 


0.004 


E/A ratio 


1.8±CL4 


2.4 ±0.9 


0.019 


IVRT, ms 


45.3±6 


39.2 ±6 


0.014 


E/Ea 


5,4 ±1.3 


8.9 ±2.7 


<0.001 


Septal Sa 


7.1 ±1.6 


4.8±1.1 


<0.001 


Septal Ea 


7.3±1.5 


4.7 + 17 


<0,001 


Histological phenotypes 








Collagen volume fraction, % 


3 + 6±1.2 


9.6+2.2 


<0.001 


Myocyte disarray, % 


5J±i.a 


12.0±4.1 


0.003 



IVST mdieates interventricular septal thickness; PWT, posterior wall thickness; LVEDD, left 
venlricular end-diastolic dimension; FS, fractional shortenlnp; Sa, systolic velocity; Ea, early diastolic 
velocity; IVRT, isovolumic relaxation time. 



HCM in humans. 10 The j3»MyHC»Q 403 rabbits fully recapitu- 
late the phenotype of human HCM and exhibit cardiac 
hypertrophy, interstitial fibrosis, myocyte disarray, and car- 
diac dysfunction. 11 ' 12 and they serve as a desirable model to 
determine the effects of therapies targeted at specific path- 
ways to reverse cardiac hypertrophy, fibrosis, and dysfunc- 
tion. Recently, 3- hydroxy-3-methyglutaryl- coenzyme A 
(HMG-CoA) reductase inhibitors (statins) have been shown 
to inhibit angiotensin IL-mediated myocyte hypertrophy 13 - 14 
and to block intracellular signaling molecules implicated in 
cardiac hypertrophy. 15 " 17 Thus, we determined the effects of 
simvastatin, a pleiotropic HMG-CoA reductase inhibitor, on 
cardiac hypertrophy, fibrosis, and dysfunction in the 
P-MyHC-Q 403 transgenic rabbits. 

Methods 

The mutant /3-MyHC-Q' 1!H transgenic rabbits were generated as 
described previously, and their phenotypic characteristics were the 
same as those published previously. 11 > 12 A total of 24 adult /3-MyHC- 
Q 4 " transgenic rabbits were matched for age and sex and randomized 
to either treatment with a placebo or simvastatin. Twelve age- and 
sex-matched nontransgenie lirtermates were included as controls. 
Baseline M-mode, 2D, Doppler echocardiography and tissue Dopp- 
lcr imaging were performed in all rabbits. The primary end point was 
regression of left ventricular (LV) mass, as detected by 2D echocar- 
diography. The secondary end points were changes in interventric- 



ular septal thickness, posterior wall thickness, cardiac function, 
interstitial fibrosis, and myocyte disarray. Simvastatin was mixed 
with rabbit high^fiber diet #5326 (prepared by Purina Test diet) and 
was fed to rabbits at a concentration of 5 mg • kg" 1 * d _1 , which is 
considered a safe dose in rabbits, 18 for 12 weeks. Follow-up 
echocardiography studies were performed at the completion of the 
study. Echocardiographic images were obtained and analyzed as 
described previously. 11 ' 12 

Detection and Quantification 

Fibrillar Collagen 

Interstitial collagen volume fraction was determined as described 
previously. 19 In brief, 5-/xm-thick myocardial sections were stained 
with collagen-specific Sirius red F3BA and were analyzed by an 
investigator who was blinded to me groups, in 10 randomly selected 
fields per section, in 10 sections per rabbit, and in 12 rabbits per 
group in a random fashion by computerized planimetry. Perivascular 
and epimysial collagens were excluded. To confirm the results of 
picrosirius red staining, 5 additional thin sections were stained with 
Masson trichrome and analyzed for collagen volume fraction. 

Myocyte Disarray 

Myocyte disarray was detected and quantified as described previ- 
ously, with some modifications. 19 Each myocardial section was 
divided into 50 fields of approximately equal size, and the presence 
or absence of disarray in each field was scored. Number of fields per 
section showing disarray was computed as percent showing disarray 
(per section) and the total percent disarray was determined in 8 
sections per rabbit (400 fields per rabbit). Areas of myocardium at 
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the junctions of interventricular septum with She ventricles and 
sections near the blood vessels, trabeculations, and papillary muscles 
were excluded 

Expression of Skeletal a»Actin 

The expression of skeletal a-actin, a marker of secondary cardiac 
hypertrophy, was detected by Northern blotting. In brief, 20-jig 
aliquots of total RNA extracts were loaded onto formaldehyde- 
agarose gels ? eleclrophoresed, and transferred to nylon membranes, 11 
A 502-bp fragment of the rabbit skeletal a-actm gene was amplified 
by polymerase chain reaction. Oligonucleotide primers (forward 
primer: 5 "FC ATGGTCGGT ATGGGTC AGA3 ' ; reverse primer: 5' 
CCTC AT A A ATGGGC ACGTTG3 ' ) were designed on the basis of 
the sequence of human skeletal a-actin (GenBank accession number 
M20543). The probe was labeled with [ 32 P]dCTP and hybridized to 
membranes. Signals were detected by autoradiography and quanti- 
fied by spot densitometry. 

Signaling Kinases and Molecules 

Expression levels of total and phosphorylated extracellular signal- 
regulated kinase (ERK) 1/2, p38, and p70S6 kinase were detected by 
immunoblotting using pan-specific and phospho-specific antibodies. 
Expression levels of total and phosphorylated Jun N-terminal kinases 
(JNKs) were detected by immunoblotting after immunoprecipitati on 
with specific antibodies. AH primary antibodies were used at a 
concentration of 1:200 , and secondary antibodies were used at 
concentrations of 1:1000 to 1:2000. 

Activation of Ras was detected by selective- affinity precipitation 
of Ras-GTP with immobilized Raf-1 (Ras binding domain), and Ras 
detection was determined by blotting with a pan-isoform-speciftc 
Ras anLibody, Activation of Rac was determined by selective affinity 
precipitation of Rao-GTP with immobilized p21 activated kinase 1 
(Rac binding domain). A positive control assay, composed of Ras 
activation after the timed exposure of cultured mink lung epithelial 
cells to 10% fetal calf serum, was included 

Subcellular Fractionation and Localization of Ras 
and RhoA 

To determine the degree of membrane association of Ras, RhoA, and 
Racl, we performed subcellular fraclionation of heart tissue. For 
each sample, 300 mg of tissue wqs homogenized in 14 mL of 
hypotonic buffer {10 mrnol/L Tris-HCl [pH 7,5], 1.0 mmoI/L MgCI 2 , 
0.5 mmol/L phenylmethylsulfonyl fluoride, 10 /xg/mL leupeptin, and 
10 juLg/mL aprotmin). The lysate was then transferred to a polycar- 
bonate ultracentrifuge tube and spun at 100 OOOg for 90 minutes at 
4"C. The supernatant fluid (representing the cytosolic fraction) was 
transferred to a new microcentrifuge tube; the pellet (representing the 
membrane fraction) was resuspended in 1 mL of hypotonic buffer, to 
which was added 1% sodium dodecyl sulfate, A total of 1 5 jxg of the 
cellular and membrane fractions were fractionated on SDS-PAGE 
gels and analyzed by Western blotting using monoclonal anti-Ras 
and anti-RhoA (Upstate Biotechnology Ine). 

Statistical Analysis 

Continuous variables were expressed as mean±SD. Differences 
among the groups were compared by ANOVA for phenolypes with 
equal variance and by Kruskal-Wallis test for those with unequal 
variance. Differences at baseline and follow-up in each group were 
compared by paired i tests. 

Results 

Phenotype in the Mutant 0-MyHOQ 403 
Transgenic Rabbits 

There were no significant differences in the mean age, 
male/female ratio, body weight, heart rale, or blood pressure 
between the j3-MyHC-Q 4W transgenic and nontransgenic 
rabbits (Table 1), However, as shown previously, LV mass, 
interventricular septal thickness, posterior wall thickness, and 
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p70 S6 



Figure 1. Levels of activated and total stress-responsive intra- 
cellular signaling kinases in the heart of /3-MyHC-Q 403 transgenic 
rabbits, Each lane represents a cardiac protein extract from one 
rabbit, and 2 rabbits per group are shown. Immunoblots for 
ERK1/2, p38, JNK, and p70S6 kinase are shown. The upper 
blot in each set of panels represents levels of phosphorylated 
kinases, and the lower panel represents levels of total kinases. 
Non-tg indicates nontransgenic. 



left atrial size were increased significantly in the j3-MyHC- 
Q 403 rabbits compared with nontransgenic ones (Table 1). 
Similarly, Doppler indices of LV filling pressures, early (E) 
and late (A) mitral inflow velocities, E/A ratio, and E/early 
diastolic velocity (Ea) ratio were increased significantly and 
isovolumic relaxation time was decreased. Furthermore, 
myocardial systolic and diastolic velocities were reduced 
significantly. Collagen volume fraction and the extent of 
myocyte disarray were increased in the /3-MyHC-Q 4W rabbits 
(Table 1). 

Expression levels of activated ERK1/2 were increased by 
^2-fold in the 0-MyHC-Q 403 rabbits compared with non- 
transgenic rabbits (Figure 1). Levels of total ERK1/2 were 
unchanged. We detected no significant increase in the levels 
of total and activated p38, JNKs, Ras, Racl, or p70S6 kinase, 
a downstream target of phosphatidyl inositol 3 -kinase, in the 
j3-MyHC-Q 403 rabbits (Figures 1 and 2A). In addition, the 
membrane association of Ras, Racl, and RhoA was not 
significantly changed (Figure 2B). 

Effects of Simvastatin on LV Hypertrophy, 
Fibrosis, and Function 

There were no significant differences in mean age, male/ 
female ratio, body weight, heart rate, blood pressure, or 
cardiac phenotype, including LV mass, interventricular septal 
thickness, posterior wall thickness, LV end-diastolic diame- 
ter, LV end-systolic diameter, mitral inflow and pulmonary 
venous Doppler velocities, and tissue Doppler indices, at 
baseline between the placebo and simvastatin groups (Table 
2), Therefore, the placebo and simvastatin groups were well 
matched. 

Treatment with simvastatin reduced mean LV mass by 
37%, interventricular septal thickness by 21%, posterior wall 
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Figure 2. GTP-bound and membrane association of Ras, Rad, 
and RhoA. A, Activation Ras and FtacL Each lane represents 
cardiac protein extract from one rabbit. Upper bbt in each set 
of panels shows levels of GTP-bound Ras and Rad , and the 
lower blot shows levels of total Ras and Rac-1 . The bottom 
panel represents a positive control showing activation of Ras 
after stimulation of mink lung epithelial ceJIs with 10% fetal calf 
serum at the specified time points. Molecular size markers are 
indicated on the right of each panel. B, Membrane-bound, solu- 
ble, and total Ras, Rad, and RhoA, Non-tg indicates 
nontransgemc. 



thickness by 15%, and LV end-diastolic diameter by 13% 
{Table I). Concordant with regression of cardiac hypertro- 
phy, Doppler indices of LV filling pressure, namely E/A ratio 
(reduced 35%), isovolumic relaxation time (improved 7.5%), 
septal E/Ea ratio (reduced 48%), and lateral E/Ea (reduced 
46%) were improved significantly, indicating a lower LV 
filling pressure. Similarly, the time interval between the atrial 
reverse wave and antegrade mitral flow was reduced (by 
167%), indicating a lower left atrial pressure. 20 Myocardial 
systolic and diastolic velocities at both comers of mitral 
annuhis also showed significant improvement, Collectively, 
Doppler data indicate a significant reduction in the LV filling 
pressure and improvement in myocardial contractile and 
relaxation properties. 

Interstitial collagen volume fraction was reduced by 44% 
in the simvastatin group (nontransgenic, 3.6±1.2%; placebo, 
9.6±2.2%; simvastatin, 5.4±1.5% of the myocardium; 
P-0.001), Representative micrographs of Masson trichrome 
staining are shown in Figure 3. Myocyte disarray comprised 
5.7±1.8%, 12.0±4.l%, and 10.2±2.2% of the myocardium 
in nontransgenic, placebo, and simvastatin groups, respec- 
tively (placebo versus simvastatin, P— 0.295). 

Expression of the skeletal a-actin was increased in the 
placebo group compared with nontransgenic rabbits, and 
treatment with simvastatin reduced its expression >3-fold 
(Figure 4). 

Effects of Simvastatin on Intracellular Signaling 
Kinases and Molecules 

Treatment with simvastatin significantly reduced activated 
ERK1/2 to levels less than those in the nontransgenic rabbits 
(Figure 2A). Simvastatin had no significant effect on total and 
activated p3S, JNKs, Ras, Raci, and p70S6 kinase or the 



membrane association of Ras, Raci , and RhoA in the mutant 
0-MyHC-Q 403 rabbits (Figure 2). 

Discussion 

We generated a transgenic rabbit model of human HCM by 
cardiac-restricted expression of /3-MyHC-Q 4c3 3 which is 
known to cause HCM in humans. i0 The adult j3-MyHC-Q 403 
rabbits fully recapitulate the phenotype of human HCM and 
exhibit cardiac hypertrophy, myocyte disarray, interstitial 
fibrosis, increased LV filling pressure, and reduced myocar- 
dial contraction and relaxation velocities. 11 - 12 We performed a 
randomized study and treated the mutant |3-MyHC-Q 403 
rabbits with a placebo or simvastatin for 12 weeks. Treatment 
with simvastatin reduced LV mass, wall thickness, and filling 
pressure significantly. In addition, collagen volume fraction 
was reduced by **50%, but the extent of myocyte disarray 
was unchanged. Levels of activated ERK1/2 were increased 
in the mutant 0-MyHC-Q 403 rabbits and were reduced to less 
than normal after treatment with simvastatin. The expression 
of skeletal a-actin, a marker of secondary hypertrophy, which 
was increased in the jS-MyHC-Q 403 , was reduced after treat- 
ment with simvastatin. Thus, simvastatin induced the regres- 
sion of cardiac hypertrophy and fibrosis, improved LV filling 
pressures, and reduced the levels of activated stress- 
responsive ERK1/2 in a transgenic rabbit model of human 
HCM. 

The study was randomized, and there were no significant 
differences in the baseline demographic and eehocardio- 
graphic phenotypes between the placebo and simvastatin 
groups. We acquired the data and performed extensive 
phenotypic characterization without knowledge of the group 
assignment. The results were concordant for strong beneficial 
effects of simvastatin on molecular (reduction in phospho- 
ERK1/2 and expression of skeletal a-actin), histological 
(reduction of fibrosis), structural (LV mass and wall thick- 
ness), and functional (reduction of LV filling pressures and 
improvement of myocardial contraction and relaxation veloc- 
ities) phenotypes. Similarly, significant improvement in indi- 
ces of hypertrophy and LV filling pressure at follow-up 
(compared with baseline) were detected only in the simva- 
statin group. The observed beneficial effects of simvastatin in 
the )3 -MyHC-Q 403 rabbits are in accord with the effects of 
statins on the prevention of angiotensin II-induccd myocyte 
hypertrophy 13 and pressure-overload-induced hypertrophy in 
rats. 14 The dose of simvastatin used in this sftidy is considered 
safe 18 and similar to a previously used dose of 3,6 mg ■ kg -1 
' d^ 1 , which was shown to induce regression of cardiac 
hypertrophy in load- induced hypertrophy. M The above dose 
is higher than the conventional dose of simvastatin used in 
humans (up to 80 mg/d) and, thus, whether the observed 
results could be extended to human patients with HCM and 
heart failure needs to be explored. 

The mechanism(s) by which simvastatin induces the re- 
gression of hypertrophy and fibrosis and improves cardiac 
function is likely to involve down regulating the levels of 
activated ERK1/2, the predominant stress- responsive intra- 
cellular signaling kinase involved in modulating cardiac 
hypertrophy. 2] Simvastatin, an HMG-CoA reductase inhibi- 
tor, has pleiotropic effects that interact with the effects of 
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TABLE 2. Indices of Cardiac Hypertrophy and Function at Baseline and After 
Treatment With Simvastatin 



p-MyH€-Q 103 





tatransgenic 


Placebo 


Simvastatin 


P* 


n 


12 


12 


12 


NA 


Sex, male/female 


9/3 


6/4 


9/3 


0.87 


Age, mo 


27.6±2.7 


30.3±6.3 


1.5±7.7 


0.29 


Body weight, g 


37±0.5 


4.0±0.4 


3.8±0.4 


0.14 


Heart rate, bpm 


145±14 


147+18 


139+14 


0.49 


Systolic blood pressure, mm Hp 


74±8 


74+5 


72 + 8 


0.93 


Indices of cardiac hypertrophy and 










size 










LV mass, g 










Baseline 


3.9±0J 


6.2+2.G 


7.5+2.1 


< 0.001 


Follow-up 


3.6±0.8 


5.9±2,6 


4.4 ±1.6 


0.017 


Change 


0.25+0.8 


0.26±2.5 


2.8±2,Q 


0.004 


P (paired r test) 


0.37 


074 


0.001 




IVST, mm 










Baseline 


2.2+0,2 


3.1 +0.5 


3.3±0.5 


<0.001 


Follow-up 


2.2+0.2 


2.8±0.7 


2.6±0.4 


0.019 


Change 


0.0±0.2 


0.3±0.8 


0.7±0.6 


0.033 


P (paired ftest) 


0.90 


0.18 


0.006 




PWT, mm 










Baseline 


2.3±0.3 


3.0±0.5 


3.0±0.7 


0.003 


Follow-up 


2.2 ±0.3 


3.2±0.8 


2.4+0.6 


aooi 


Change 


G.0±0.2 


-0.2±0J 


0.4±0.6 


0.026 


P (paired t test) 


0.29 


0.30 


0.036 




LVEDD, mm 










Baseline 


14.5+1.4 


14.7±1.3 


16.0±2.1 


0.053 


Follow-up 


14.0±1.7 


14.3 + 1.3 


13.8+2.2 


0.08 


Change 


0.4 ±1.8 


0.36 ±1.4 


2.11 ±3.3 


0.14 


P (paired ftest) 


0.43 


0.40 


0.06 




Indices of left ventricular filling 










pressure 










Mitral inflow E/A ratio 










Baseline 


1.8+0.4 


2.2+0.5 


2.8+1.2 


0.075 


Follow-up 


1.8±0.3 


2.0+0.3 


1.7 ±0.4 


0.31 


Change 


0.03±0.3 


0.2±0.5 


0.9 ±1.3 


0.043 


P (paired f test) 


0.63 


0.15 


0.048 




IVRT, ms 










Baseline 


45.2+6.5 


37.8+6.2 


40.4+6.0 


0.024 


Follow-up 


45.1 ±4.5 


38.2±5.8 


43.5±6.0 


0.014 


Change 


0.17 + 4.2 


~0.36±4.Q 


-3,3+2.9 


0.082 


P (paired t test) 


0.89 


0.77 


0.004 




Ar-A duration, ms 










Baseline 


-2.1 ±16.0 


4.2±11.1 


13.5±16.6 


0.043 


Feifow-up 


-5.3+11.2 


1.0+7.5 


-8+15.2 


0.196 


Change 


3.3±6.7 


3.2±6.2 


22.5 ±23.7 


0.G04 


P (paired t test) 


0.12 


0.12 


0.010 




Septaf E/Ea 










Baseline 


6.7 + 1.7 


12.4+4.3 


13.2 ±6.3 


0.002 


Follow-up 


6.4 + 1.0 


10.7±3.8 


7.4±2 + 4 


0.002 
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TABLE 2. Continued 



/3-MyHC-G< Q3 





Nontransgenic 


Placebo 


Simvastatin 




Change 


0.2±0.9 


1.7 ±5.0 


6.3 ±5.2 


0.004 


f (paired f teat} 


0.38 


0.28 


0.002 




Lateral E/Ea 










BaseHne 


5.4H.3 


8.6±2.8 


9.1 ±2.7 


0,001 


Follow-up 


4,8±0.9 


B,6±3.7 


5.2 ±1.5 


0.001 


Change 


0.6±f.O 


0.0+1.5 


4.2+3.2 


<0.001 


P (paired f test) 


0,054 


1.0 


0.002 




Indices of global cardiac function 

anil mvn^aiYiiQl rolaYatinn nnri 

dl:U Illy ULrdluml tcldAdUUM dlsu 

contraction 










FS, % 










Baseline 


37.0±7.2 


29.0±3.5 


30.0 ±4.3 


0.001 


FoNow-up 


36.6±7.2 


27 + 9±4.4 


33.0±4,4 


0.003 


Change 


0.5+5.6 


1.1 ±4.7 


-1.5±4.4 


0.46 


P (paired f test} 


0.76 


0.46 


0.28 




Septal Sa T cm/s 










Baseline 


7.1 ±1.6 


4.5±0.7 


5.1 ±1.4 


<0.001 


Follow-up 


7.2+1.2 


5.1 ±1.1 


6.7 ±1.0 


<0.001 


Change 


-0.04 ±1.0 


-0.5610.9 


-1.6±1.8 


0.020 


P (paired f test) 


0.89 


0.053 


0.013 




Septal Ea, cm/s 










BaseHne 


7.3±1.7 


4.5±1.2 


4.9±1.8 


<0.001 


Follow-up 


6,8 ±1.0 


5.1 ±1.6 


6.2 ±1.6 


0,025 


Change 


0.5 ±1.0 


-0.6H.7 


-1.511,8 


0.015 


P {paired f test) 


0,11 


0.27 


0.021 




Lateral Sa, cm/s 










Baseline 


9.0±1.1 


6.2 + 1 .2 


6.212.0 


< 0.001 


Follow-up 


8.4 ±0.9 


6.5±0.9 


8.3+2.0 


0.002 


Change 


0.53±0.83 


-0.28 + 1.1 


-2.112.7 


0.003 


P (paired ftest) 


0,05 


0.39 


0,026 




Lateral Sa, crn/s 










Baseline 


8.9 ±1,5 


6.5±1.7 


6.5±1.6 


0.001 


Follow-up 


9.2 ±1.4 


6.3±1.6 


8.711.8 


< 0.001 


Change 


-0.3 ±1,9 


0.19±0,57 


-2.3±2.9 


0.016 


P (paired ftest) 


0.59 


0.29 


0.025 





Values are mean±SD. Ar-A duration indicates time interval between pulmonary venous atrial 
reverse wave and antegrade mitral inflow. Other abbreviations as in Table 1 . 
lvalues are derived by comparing variables among the 3 groups by ANOVA or Kruskal-Wa^lis test. 



renin -angiotensin aldosterone system pathways. Simvastatin 
has also been shown to induce the regression of load-induced 
cardiac hypertrophy by reducing the activity of the angioten- 
sin -con verting enzyme and the cardiac content of angiotensin 
II. 14 Simvastatin inhibits the synthesis of isoprenoid interme- 
diates of cholesterol biosynthesis farnesy I pyrophosphate and 
geranylgeranylpyrophosphate, which are used in the post- 
translation modification of the Ras and the Rho family of 
proteins, respectively, by isopropenyl transferases, 22 This 
modification step is considered essential for maturation. 



membrane localization, and the subsequent activation of 
small OTP-binding proteins. 23 

We found no significant differences in the activation and 
membrane association of Ras, Racl and RhoA, However, the 
lack of a significant increase in activation of the selected small 
GTP-binding proteins in the heart of jS-MyHC-Q 10 * rabbits does 
not necessarily exclude their involvement in the pathogenesis of 
HCM. It may reflect the nature of the stimulus, which is chronic 
and relatively low, in contrast to in vitro cell culture experi- 
ments, in which the stimulus is acute and strong. It is also 
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Figure 3. Masson trichrome staining. The upp&r panels show 
low magnification (*40) and the lower panels high magnification 
(X400) of thin myocardial sections. 



possible that Ras-indepeiident mechanisms are involved in the 
activation of ERK1/2 and the effects of simvastatin in the heart 
of |3-MyHC-Q 403 rabbits. For example, G-proteni- coupled re- 
ceptor agonists can activate ERK1/2 through the protein kinase 
A/Rap 1-B/Raf pathway and through the activation of phospho 
lipase C. Activated phospholipase C catalyzes the hydrolysis of 
phosphatidyl-inositol bisphosphate into diacyl-glycerol and ino- 
sitol trisphosphate. The latter induces calcium release from the 
endoplasmic reticulum and, together with diacyl-glycerol, acti- 
vates protein kinase C. 

Protein kinase C and Ca 2+ lie upstream of a family of 
mitogen -activated protein kinases and plays a critical role in 
activating ERK1/2. 24-26 Other pathways, including mitogen- 
aciivated protein (MAP) kinase kinases (MKKKs) such as 
Nek-interacting kinase and adaptor proteins such as Grh2, 
could also activate (MAP/ERK kinase kinase [MEKK] \)i 
(MAP/ERK kinase 1/2) and, subsequently, ERK1/2." Fur- 
thermore, scaffolding or anchoring proteins such as 14-3-3, 
by regulating protein-protein interactions and subcellular 
localization, could activate the components of the MEKK1 
pathway. 27 Moreover, complex interactions between 
mitogen -activated protein kinase, Ca 2 ^-calmoduIin/cal- 
cinourin, and /3i-hitegrin pathways exists that could lead to 
the activation of ERK1/2. Therefore, a variety of upstream 
regulators, including Ras-independent pathways, could acti- 
vate ERK1/2. Extensive investigation of signaling pathways 
and the mechanism(s) by which simvastatin suppresses the 
activation of ERK1/2 in the /3-MyHC-Q" 03 rabbits require 
additional investigations. 

P-MyHC-q*» 
Npn-Tg Haccba Simvastatin 

Skeletal a-actin I ~ ■ • ]+|.6kb 



Total RNA I f 1 I 1 1 i 1 + 18S 



Figure 4, Northern blot showing expression of skeletal a-actin. 
Non-tg Indicates nontransgenic. 



Hypertrophy and fibrosis are the major clinical and patho- 
logical phenotypes of HCM, which is the most common cause 
of sudden cardiac death in the young. 5 None of the existing 
pharmacological therapies for HCM induces a regression of 
hypertrophy and fibrosis or reduces mortality. 28 Similarly, 
myomectomy and nonsurgical septal ablation are considered 
palliative therapies that are limited to patients who have 
significant septal hypertrophy and resting outflow tract ob- 
struction. Therefore, our findings in a transgenic rabbit model 
that fully recapitulates the phenotype of HCM in humans is 
the first pharmacological intervention to reverse the underly- 
ing pathology, ie, cardiac hypertrophy, fibrosis, and dysfunc- 
tion. Because the penetrance of the causal mutations in HCM 
is age-dependent, our findings also raise the possibility of an 
early intervention to prevent the development of cardiac 
phenotype in HCM. Furthermore, because hypertrophy and 
fibrosis are the common responses of the heart to all forms of 
injury and are major determinants of mortality and morbidi- 
ty, 2 ' 3 our findings could have broader implications for the 
treatment and prevention of all forms of cardiovascular 
disease, We note that simvastatin has a well-established 
safety profile, and it has been used extensively in humans. 
Thus, our results highlight the need for a clinical trial to 
determine the potential salutary effects of simvastatin in 
humans with HCM or heart failure. 

In summary, we have shown that simvastatin, a pleiotropic 
HMG-CoA reductase inhibitor, induces the regression of 
cardiac hypertrophy and fibrosis, reduces levels of activated 
stress-responsive signaling kinases, and improves LV filling 
pressures in a transgenic rabbit model that fully recapitulates 
the phenotype of human HCM, These findings, if confirmed 
in humans, could provide a new option for the treatment and 
prevention of cardiac hypertrophy, fibrosis, and dysfunction 
in HCM and in all forms of cardiovascular disease. 
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